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ABSTRACT 

Techniques for assembly of designed DNA 
sequences are important for synthetic biology. So 
far, a few methods have been developed towards 
high-throughput seamless DNA assembly in vitro, 
including both the homologous sequences-based 
system and the type US-mediated system. Here, 
we describe a novel method designated 'MASTER 
Ligation', by which multiple DNA sequences can 
be seamlessly assembled through a simple and 
sequence-independent hierarchical procedure. The 
key restriction endonuclease used, MspJI, shares 
both type MM and type IIS properties; thus, it only 
recognizes the methylation-specific 4-bp sites, 
m CNNR (R = A or G), and cuts DNA outside of the 
recognition sequences. This method was tested 
via successful assembly of either multiple polymer- 
ase chain reaction amplicons or restriction frag- 
ments of the actinorhodin biosynthetic cluster 
of Streptomyces coelicolor (~29kb), which was 
further heterologously expressed in a fast-growing 
and moderately thermophilic strain, Streptomyces 
sp. 4F. 

INTRODUCTION 

Synthetic biology technology adapts the basic concepts of 
engineering so that pre-designed and characterized DNA 
parts are combined to form complex modules for further 
construction of biological systems with desired new 



properties (1,2). As enormous DNA sequences with 
various encoding capacities are being determined in the 
post-genomic era, the demand for extended ability to 
analyse these data and to synthesize DNA sequences of 
any length with any kinds of complexity is increasing (3). 

Start with a pool of chemically synthesized oligos, DNA 
molecules of 1-3 kb in length can usually be constructed 
through polymerase chain assembly (4). For downstream 
assembly of larger DNA molecules, multiple homologous 
sequences-based systems have been developed, including 
the in vitro sequence and ligation-independent cloning 
(SLIC) strategy (5), the USER fusion method (6), the 
in-Fusion BioBrick system (7), the Gibson assembly (8) 
and several in vivo assembly strategies (9-13). Among 
them, Gibson assembly, as a hierarchical method that 
avoids recurrent polymerase chain reaction (PCR) steps 
and works through in vitro recombination of the long 
homologous sequences between the ends of the fragments 
to be assembled, greatly increases the efficiency of synthe- 
sis of large DNA molecules, even at the scale of a bacterial 
genome (e.g. the 1.08-Mb genome of Mycoplasma 
mycoides JCVI-synl.O) (14,15). However, these homolo- 
gous recombination-based methods are unsuitable for 
assembly of DNA molecules with repetitive sequences 
(16), such as the TALEN DNA-binding modules (17,18), 
polyketide modules (19), CRISPR gene cluster (20) 
and any DNA sequence that appears more than once in 
different building blocks (e.g. a common promoter 
sequence). 

For complex DNA sequences, methods based on type 
IIS restriction endonucleases (REs) can be adopted 
(18,21). Unlike the type IIP REs, the type IIS REs 
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cleave DNA sequences outside of their recognition sites, 
and thus can be used to generate short non-palindromic 
overhangs (usually 4 bp), making seamless assembly of 
DNA sequences, including complex sequences, achievable 
in a high-throughput manner (18,21,22). Notwithstanding, 
as the constructs become larger, the increasing wastage of 
unique type IIS restriction sites becomes the key limitation 
factor in practise. Although these problems can be solved 
by removal of the internal restriction sites from the 
primary sequences (23-25), unpredicted phenotypic 
changes may be caused by DNA base substitution (25). 
Recently, the pairwise selection assembly (PSA) strategy 
was developed, and the internal type IIS restriction sites 
can be sealed by methylation (26). However, four steps 
must be taken to specifically block the additional sites. 

MspJI, a remote homologue of the Escherichia coifs 
methylation modification-dependent RE (type IIM) Mrr 
(27), was recently characterized from Mycobacterium sp. 
JLS (28,29) too possess additional type IIS RE properties. 
It recognizes m CNNR (R = A or G) sites and cleaves 
DNA at N12/N16 from the 3'-side of the modified 
cytosine, producing four-base 5'-overhangs of any se- 
quences (30). In this study, we developed an 
MspJI-mediated seamless DNA assembly method and 
tested it via successful assembly of either multiple PCR 
amplicons or the actinorhodin biosynthesis gene cluster 
(~29kb) from Streptomyces coelicolor, which was then 
heterologously expressed in Streptomyces sp. 4F. 

MATERIALS AND METHODS 

Bacterial strains, media, reagents and primers 

Streptomyces strains were grown in mannitol-soy flour 
(MS) media for preparation of spores and on R2YE 
media for production of pigmented actinorhodin (31). E. 
coli strains were grown in Luria-Bertani (LB) media (32). 
E. coli strain DH5a was used for DNA cloning and strain 
ET12567 was used for DNA demethylation in vivo and for 
conjugation with Streptomyces sp. 4F (33). 

Unless specified, restriction endonucleases were 
purchased from NEB. GeneRuler™ 1-kb DNA ladder 
(250-10 000 bp), thermosensitive alkaline phosphatase 
(FastAP™) and T4 DNA li gase were purchased from 
Thermo Fermentas. Plasmid Maxi Kit from Qiagen was 
used for preparation of plasmids. 

All primers used in this study were listed in 
Supplementary Table SI. 

Generating PCR amplified target DNA fragments 

Three pairs of primers were used to amplify three continu- 
ous fragments (fragments A, B and C) of the actinorhodin 
biosynthetic gene cluster of S. coelicolor (Figure 1A). 
The PCR amplicons were designed to be ~4kb in size 
and each overlapped 4 bp with the adjacent fragments. 
A common tag (GGCAGCCGTCTCCCTGGAAG) was 
attached to the 5'-termini of all primers, and the 
non-methylated MspJI recognition site (CTGG) was set 
nine bases before the overlapping four bases (for details 
refer Supplementary Figure SI). A universal primer 
kjz.ml2 (GGCAGCCGTCTCC m CTGGAAG) was used 



to introduce methylation modification ( m CTGG) at both 
ends of the aforementioned PCR amplicons by a second 
round of PCR amplification. The cleavage sites of MspJI 
on designed primers are highlighted in bold. The non-pal- 
indromic cohesive ends of the fragments are carefully 
chosen to ensure that only the adjacent cohesive ends 
are complementary after MspJI digestion. The pre- 
designed complementary sticky ends determine the order 
and direction of the annealed DNA fragments. PCR amp- 
lification was carried out in a 25-ul reaction mixture con- 
sisting of 0.3 uM primers, 1.5 mM Mg 2+ , 200 uM dNTP 
and 0.5 U KOD-401 DNA polymerase (TOYOBO). 
Thirty cycles were conducted with the PCR procedures 
of 30 s at 97°C, 30 s at 65°C and 3min at 72°C, with a 
final extension of lOmin. DNA normalization was per- 
formed with a Nanodrop ND-2000 Spectrophotometer 
(Thermo). MspJI digestion (30) was carried out at 37°C 
in 30-ul reaction mixture consisting of 0.2-1 ug of PCR 
products, 3ul of lOx NEBuffer 4, 1 ul of lOOx bovine 
serum albumin, 1 ul of 10 uM MspJI activator solution, 
2-4 U of MspJI (NEB) and nuclease-free water to 30 ul. 
The MspJI activator was prepared through self-annealing 
of the oligo kjz.mll, which was first incubated at 65° C for 
1 h in 1 x saline-sodium citrate (SSC) buffer using a PCR 
machine and then slowly cool down in room temperature. 
After MspJI digestion, fragments with complementary 
cohesive ends were purified by agarose gel electrophoresis 
and were then ligated with T4 DNA ligase at 16°C for 2h. 
Ligation reaction was terminated by adding 5ul of 6x 
DNA loading buffer, denatured at 65° C for 15 min and 
then analysed by agarose gel electrophoresis. 

Constructing the integrative plasmid for heterologous 
expression of the actinorhodin gene cluster {act) 

To test the accuracy of the assembled whole actinorhodin 
gene cluster, an integrative vector pHI was constructed 
for heterologous expression of actinorhodin by integration 
into the chromosome of the moderately thermophilic 
Streptomyces sp. 4F (33). Specifically, a 4648-bp fragment 
'H' containing the replication region of Supercos 1 (34) and 
the thiostrepton resistance gene (tsr) were amplified from 
pHAQ31 (35) with primers kly.HAQl and kly.HAQ2. A 
3035-bp fragment T containing oriT and the phiC31 
integrase encoding gene was amplified from pSET152 
(36) with primers kly.Intl and kly.Int2. Both fragments 
were digested with Xbal, and fragment 'H' was treated 
with FastAP™ before being ligated with fragment T 
using T4 DNA ligase. The ligation mixture was then used 
as a template for PCR amplification with primers 
lae.fHAQ and lae.rHAQ, and the PCR product was then 
digested with Nhel and allowed for self-ligation to generate 
the heterologous expression vector pHI. 

The protocol for seamless assembly of act biosynthetic 
gene cluster 

The process for seamless assembly of endonuclease 
restriction fragments is illustrated in Figure IB. The act 
gene cluster was in silico divided into four pieces of four 
bases-overlapping fragments (fragments I-IV), which were 
amplified by PCR and cloned into the Xbal site of the 
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Figure 1. Rationale scheme for in vitro seamless assembly of multiple PCR amplicons (A) or restriction fragments (B). The universal sequence was 
illustrated by yellow bricks (A), and the restriction site was shown by black bricks (B). The methylation of cytosine was indicated by a red dot above 
the 'C letter. Details of PCR amplification, DNA ligation and MspJI digestion can be found in the 'Materials and Methods' section. 



pBluescript II KS vector. These subclones were verified via 
DNA sequencing and transformed into methylation- 
deficient E. coli ET12567 for DNA demethylation. The 
methylation-free fragments were then released by Xbal 
digestion. To remove the scars of Xbal restriction sites 
at the ends of fragments to be assembled, a methylated 
adaptor klf.ML2 (Supplementary Table SI), which was 
compatible with the Xbal site, was designed to form 
a stem-loop structure on annealing, containing the 
methylated recognition sites ( m CTGG) of MspJI. The 
position of the restriction sites was exactly set to guide 
MspJI to remove the scars produced by Xbal restriction 
and generate cohesive ends for the following assembly. 
Preparation of methylated adaptor klf.ML2 was the 
same as preparing the MspJI activator kjz.mll. 
Fragments with methylated adaptors were digested with 
MspJI in the presence of its activator kjz.mll 
(Supplementary Table SI). 

The MspJI-digested fragment I (7420 bp) and fragment 
II (8171 bp) were ligated to form the assembly intermedi- 
ate fragment I II (15587 bp). With pBluescript II KS as 
the template, primers Lae.VEl and Lae.VE4 were used to 
PCR amplify a 2.4-kb 'vector' product, which excluded 
the lacZa gene and was digested by Bbsl to form compat- 
ible cohesive ends with fragment I— II. Notably, both 
primers contained an Xbal restriction site. Through 
PCR amplification, the Xbal site was introduced to both 



ends of the 'vector'. The Bbsl-treated 'vector' product was 
ligated with fragment I II to obtain plasmid pSCactl-II, 
and the newly introduced Xbal site on the 'vector' can be 
used to release the cloned fragment I II for the next round 
of assembly. In the same way, fragments III (6410 bp) and 
IV (6686 bp) were ligated to form fragment III-IV, which 
was subsequently ligated with the 'vector' products 
prepared with primers Lae.VE5 and Lae.VE8, forming 
pSCactlll-IV. 

Plasmids pSCactl-II, pSCactlll-IV and pHI were trans- 
formed into methylation-deficient E. coli strain ET 12567 
for demethylation. Fragments I II and III-IV were 
released by Xbal digestion, and pHI was digested with 
Nhel. All the fragments were purified, ligated with 
methylated adaptors and then treated with MspJI digestion 
before they are ligated together to form pHIW, which con- 
tained the whole act biosynthetic cluster. Plasmid pHIW, 
as well as the control plasmid pHI, was transformed into 
E. coli ET12567/pUZ8002 and was then conjugated into 
the moderately thermophilic strain Streptomyces sp. 4F 
(33). Exconjugants were selected on MS media with nali- 
dixic acid (50tig/ul) and aparmycin (50tig/ul) to obtain 
the recombinant strains. Candidates were then verified 
by PCR amplification (Supplementary Table SI and 
Supplementary Figure S2), and positive recombinant 
strains were then cultured on R2YE medium at 30°C to 
allow for heterologous expression of actinorhodin in 4F. 
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Accessing the accuracy of DNA ligation 

For assessing the ligation of the PCR amplicons, plasmid 
pBluescript II KS (Stratagene) was used as a template for 
PCR amplification to prepare the 'vector' fragment for 
ligation with the MspJI-treated fragments. Specifically, 
primers accu-A and accu-Fl were used to amplify the 
2.5-kb 'vector 1 fragment, which was then purified, 
digested by Bbsl and ligated with MspJI-digested 
fragment A. Similarly, 'vector' fragments amplified by 
primer pairs of accu-A/accu-F2 and accu-A/accu-F3 
were used to ligate with two (fragments A and B) and 
three (fragments A, B and C) MspJI-treated fragments, 
respectively. DNA ligation was performed at 22°C over- 
night, and the product was transformed into DH5a com- 
petent cells. For accessing the accuracy of ligation of 
restriction fragments, i.e. construction of pSCactl-II, 
pSCactlll-IV and pHIW, the ligation procedures were 
the same as described earlier in the text. 

The ligation accuracy was first checked by the sizes of 
the plasmids, and then candidate plasmids of correct sizes 
were further verified either by DNA sequencing of the 
ligation sites or by BamHI restriction analysis (Table 1). 



RESULTS 

A type IIM/IIS RE, MspJI was used to develop a 
sequence-independent seamless DNA assembly method, 
where the key step is to generate a set of target DNA 
fragments flanked by MspJI recognition sites of 
methylated m CNNR. The sites can be designed either in 
primers and easily introduced to the ends of the DNA 
sequences through PCR or in the methylated adaptors 
with sticky ends compatible with those of the target re- 
striction DNA fragments generated by an RE cleavage. 



These two procedures are illustrated in Figure 1 and 
have been tested with the S. coelicolor act biosynthetic 
gene cluster as the target sequence. 

Seamless assembly of multiple PCR amplicons 

In case that PCR amplicons are desired to be the targets 
for ligation, the strategy is illustrated in Figure 1A. Part of 
the act gene cluster, a 12-kb DNA sequence, was used to 
testify this strategy for seamless assembly (Figure 2A). 



Table 1. The efficiency of fragments assembly 



Fragments 



Size 
(kb) 



Plasmid sizes" 

(positive/ 

tested) 



Verification 

of positive clones b 

(correct/checked) 



PCR amplicons 
Vector + A 



Vector - 
Vector - 



- B 

- B 



6.5 30/30 (100%) 



26/30 (87%) 
17/30 (57%) 



Restriction fragments 
pSCactl-II 
pSCactlll-IV 
pHIW 



10.5 
14.6 



18 

15.5 

36.3 



22/30 (73%) 
15/30 (50%) 
2/30 (6.7%) 



DNA sequencing 

(S) (10/10) 
S (10/10) 
S (10/10) 

S (10/10) 
S (10/10) 
BamHI 

restriction (2/2) 



"Transformants were first checked by the plasmid sizes and the effi- 
ciency was shown in the bracket. 

b Except plasmid pHIW, 10 positive clones of each construction were 
chosen for DNA sequencing verification, among which five clones were 
sequenced with primer Mseq-1, whereas the other five with Mseq-2 
(Supplementary Table SI). Based on the sequencing results, the DNA 
sequences of the ligation sites were correct in all tested clones. Plasmid 
pHIW was verified by the BamHI restriction (Figure 3D). Two 
obtained clones with the desired sizes were proven correct based on 
the BamHI restriction analysis. 
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Figure 2. In vitro seamless assembly of 3 PCR amplicons. (A) The schematic diagram of the PCR amplicons. The fragments A (4092 bp), B (4000 bp) 
and C (4084 bp) were amplified from the actinorhodin biosynthetic cluster with designed primers (Supplementary Table SI). (B) The PCR amplicons 
were digested with MspJI and used for ligation at 16°C for 2h. Fragments A, B and C were indicated on each lane. 'M' stood for 1-kb DNA ladder, 
and the sizes of the ladder were labelled. 
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The DNA sequence was first in silico divided into three 
fragments (A, B and C) of ~4kb each in length, which 
were then amplified with three pairs of PCR primers indi- 
vidually. The MspJI recognition sites were introduced at 
the ends of the amplicons through a second round of PCR 
amplification ('Materials and Methods' section). After 
MspJI cleavage, combinations of fragments A, B and C 
were ligated with T4 DNA ligase (Figure 2B). Specifically, 
when fragment A was incubated with fragment B, an 8-kb 
ligated product of fragment A-B could be clearly 
observed, and so as for the ligation between fragments B 
and C. When fragments A, B and C were ligated, both 
8- and 12-kb fragments were obtained, which were the 
products of two and three fragments, respectively, and 
the final product of fragment A-B-C was ~10% of the 
total products. 

The MspJI-digested fragments were ligated with 
pBluescript II KS to check the accuracy of DNA ligation 
('Materials and Methods' section). The ligation products 
were used to transform E. coli competent cells, and the 
plasmids from the transformants were verified. Based on 
their sizes, the accuracy was 100% for ligation of one 
fragment and was 87 and 57% for two and three fragments, 
respectively. Plasmids of correct sizes were then randomly 
selected for DNA sequencing, and the ligation sites were 
proved to be correct in all tested clones (Table 1). 

Seamless assembly of multiple restriction fragments using 
methylated adaptors 

Although PCR is well known for its convenience in effi- 
cient amplification of any desired regions of DNA frag- 
ments, it has not achieved the fidelity as high as that in the 
process of in vivo replication, e.g. 4.4 x 10~ 7 error rate of 
Phusion high-fidelity DNA polymerase (Thermo scientific) 
versus 1 x 10~ 9 in E. coli chromosomal replication (37). 
Therefore, with the increase of the sizes of DNA to be 
assembled, it is more and more difficult to get successful 
and truthful PCR amplification, and usually repeated 
site-directed mutagenesis is required to correct the muta- 
tions introduced by PCR, bringing more complicated and 
time-consuming work burden. To guarantee the fidelity, a 
large DNA sequence can be divided into several small 
sub-fragments, each of which can be generated either by 
direct PCR amplification or by de novo DNA synthesis 
and be individually cloned and verified by DNA 
sequencing before they are used for the assembly of the 
large DNA construct. 

The MspJI-mediated sequence-independent seamless 
assembly strategy for multiple DNA fragments excised 
from the aforementioned sequencing-verified plasmids via 
RE cleavage is illustrated in Figure IB. With this strategy, 
we successfully assembled the whole actinorhodin biosyn- 
thetic gene cluster of 29 kb, which product is an antibiotic 
produced by the model S. coelicolor and is blue when the 
medium pH is >8.5 (31). The cluster was first in silico 
divided into four DNA fragments (I-IV) of 6-8 kb 
(Figure 3A and 'Materials and Methods' section), all of 
which were PCR amplified and cloned into the Xbal site 
of the plasmid pBlueScript II KS individually for DNA 
sequencing. Plasmids containing errorless fragments were 



demethylated via amplification in the methylation-deficient 
E. coli strain ET12567 host. Fragments (I-IV) were then 
released from their respective vectors with Xbal digestion 
and were ligated with the methylated adaptor klf.ML2 with 
the MspJI recognition sites ( m CTTG). Because the distance 
between the recognition site and the four-base overlapping 
region is specially designed to be nine bases, the MspJI 
digestion may produce the cohesive ends exactly at the 
preset overlapping region (Supplementary Figure SI). 
MspJI-digested fragments I and II as well as fragments 
III and IV were ligated to form fragments I II and 
III IV (Figure 3B), respectively, which were then purified 
and ligated to obtain the full-length actinorhodin gene 
cluster (fragment I— II— III— IV) and finally cloned in the 
heterologous expression vector pHI to obtain pHIW 
(Figure 3C). 

Plasmid pHIW was first verified by BamHI restriction 
map (Figure 3D and Table 1) and then introduced by 
conjugation from E. coli ET 12567 into Streptomyces sp. 
4F and integrated into the attB site of the chromosome 
catalysed by the phiC31 integrase (36). Exconjugants 
were selected by apramycin and nalidixic acid resistance, 
and the integration between the pHIW-attP site and 
the 4F-attB site was confirmed by PCR verification 
(Supplementary Figure S2). The recombinant 4F strains 
were then cultured on R2YE agar at 30°C, and the suc- 
cessful production of the blue pigment of actinorhodin 
demonstrated the practicability of this novel methodology 
(Figure 3E). 

DISCUSSION 

In this study, an MspJI mediated-seamless assembly 
method was developed to facilitate in vitro seamless 
assembly of any length of DNA using the same enzymatic 
reagents and reaction conditions. This methodology is 
designated MASTER Ligation, standing for methyla- 
tion-assisted tailorable ends rational ligation. Comparing 
with other in vitro seamless assembly methods (Table 2), 
three technical features of this novel technology shall be 
illustrated later in the text in detail. 

The 'methylation-assisted' feature enables MASTER 
Ligation to assemble DNA in a sequence-independent 
manner 

MspJI belongs to type IIM REs and thus is modification- 
dependent (30). As the un-methylated internal sequences 
are not recognized by MspJI, assisted by methylated 
primers or adaptors, unique methylated restriction site 
( m CNNR) of MspJI can be easily introduced into the 
ends of the fragments to be assembled; therefore, 
the 'methylation-assisted' property is emphasized in the 
nomenclature. Theoretically, no extra step is needed for 
the assembly of PCR amplicons, and only one extra step 
of ligation of adaptors is required for the assembly of 
restriction fragments. Although a unique restriction site 
is required to release the restriction fragments to be 
assembled, the large numbers of available commercial 
type IIP enzymes and the fact that different enzymes can 
be used for each fragment make the choice of a unique site 
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Figure 3. In vitro seamless assembly of the whole actinorhodin biosynthetic cluster from multiple restriction fragments. (A) The schematic diagram of 
the PCR amplicons. The 29-kb actinorhodin biosynthetic cluster was divided into four fragments, which were then PCR amplified with primers 
specified (Supplementary Table SI). (B) Errorless demethylated fragments I (7420 bp), II (8171 bp). III (6410bp) and IV (6686 bp) were released from 
pBluescript II KS by Xbal digestion, which were then ligated with a designed adaptor klf.ML2 (Figure IB and Supplementary Table SI) and digested 
with MspJI as described in the 'Materials and Methods' section. The MspJI-treated fragments were used for ligation with T4 DNA ligase at 16°C for 
2h. (C) Fragments I-II and III IV were ligated with pHI with ('L+') or without ('L— ') the addition of T4 DNA ligase. The synthesized DNA could 
be viewed in the 'L+' lane together with the disappearance of the substrate fragments. The ligation reaction was performed at temperature 22°C for 
8 h. (D) The BamHI restriction map of the synthesized plasmid pHIW. The theoretical restriction fragments of pHIW contains fragments of 11 848, 
7001, 5804, 3923, 2172, 1731, 1191, 1029, 928 and 743 bp in size. The 743-bp fragment was run out of the gel and was not shown. (E) Heterologous 
expression of the assembled actinorhodin biosynthetic cluster in Streptomyces strain 4F (4F/pHIW), using 4F integrated plasmid pHI (4F/pHI) as a 
negative control. Strains were cultured on R2YE medium at 30°C for 2 days. 



Table 2. Summary of current in vitro seamless assembly methods 



Mechanism 




Homology 






Type IIS 




Overlap 




Recombination 


Traditional 




Modified 




Method 


USER" 


OE-PCR b 


SLIC C 


Gibson d 


Golden gate (38) 


Golden Braid c 


PSA (26) 


MASTER f 


Sequence-independence 


+ s 


+ 


+ 


+ 






+ 


+ 


Hierarchical manner 


_h 






+ 


+ 


+ 


+ 


+ 


Complicated sequence 










+ 


+ 


+ 


+ 


Multiple fragments 


+ 


+ 


+ 


+ 


+ 






+ 


Material sources 


PCR 


PCR 


PCR 


Both 


Both 


Plasmid 


Plasmid 


Both 


Sizes (39) 


Parts-Genes- 


Parts-Genes- 


Genes- 


Genes-Pathways- 


Parts-Genes- 


Parts-Genes- 


Genes-Pathways- 


Parts-Genes- 




Pathways 


Pathways 


Pathways 


Genome 


Pathways 


Pathways 


Genome 


Pathways 



"USER is a representative of USER (6), PLICing (40), Ribocloning (41) and so forth. 
b OE-PCR is a representative of OE-PCR (42), CPEC (43), SHA (44) and so forth. 

°SLIC is a representative of SLIC (5), In-Fusion (45), Cold Fusion (System Biosciences), Fast Seamless Cloning (DoGene), CloneEZ (GenScript) and 
so forth. 

d Gibson is a representative of Gibson Assembly (8) and SLiCE (46). 

e Golden Braid is a representative of Golden Braid (47), MoClo (48), NOMAD (49) and so forth. 

f As the efficiency drops remarkably when large DNA fragments are used for ligation, the application of MASTER Ligation in genome assembly 
remains to be established. 

g Plus represents techniques applicable in relevant context. 
h Minus represents techniques unsuitable in relevant context. 
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for each fragment easy. Therefore, even for the assembly 
of restriction fragments, MASTER Ligation can be 
considered as a 'sequence-independent' method. 

Although traditional type IIS REs-based methods, 
such as Golden Gate (38), can be conveniently used to 
assemble multiple DNA sequences in a seamless manner, 
it is difficult to find suitable unique REs when assembling 
long pieces of DNA because of their relative short recog- 
nition sequences (4-8 bp). However, with the usage 
of MspJI, MASTER Ligation and Golden Gate may be 
combined for a wider application. Recently, an improved 
method named pairwise selection assembly (PSA) was 
developed, aiming to overcome the limitation of type IIS 
RE and to assemble DNA in a sequence-independent 
manner. PSA uses four steps to specifically methylate 
the internal restriction sites of type IIS REs, whereas 
leaving the two terminal sites protected from methyla- 
tion by the oligo-directed RecA-mediated structure (26). 
Although Blake and co-workers (50) successfully 
assembled the entire 91-kb synlXR fragment using 
this method, DNA fragments to be assembled via the 
PSA procedure must be first cloned into specifically 
designed vectors before they can be hierarchically 
assembled into a larger DNA construct. Except that 
PSA is a truly sequence-independent method, the 
MASTER ligation is simpler in design and easier for 
manipulation. 

The 'tailorable ends' feature enables MASTER Ligation 
to assemble DNA in a hierarchical manner 

In addition to its type IIM property, MspJI also belongs 
to the type IIS REs, which cleaves DNA sequences outside 
of their recognition sites. In this particular case, MspJI 
recognizes m CNNR sites and cleaves DNA at N12/N16 
from the 3'-side of the modified cytosine. The base shift 
between the recognition site and the restriction site of 
MspJI can be harnessed to remove restriction scars and 
produce complementary cohesive ends for the following 
assembly at the same time, i.e. the so-called 'tailorable 
ends'. To enable the MASTER Ligation to assemble 
DNA in a hierarchical manner, a new restriction site 
is introduced to the termini of the sub-clone vector, 
which can be used to release the intermediate assembly 
product for the next round of assembly ('Materials and 
Methods' section and Supplementary Table SI). 
Therefore, sequencing-verified sub-clones can, therefore, 
be used for large DNA assembly, and the accuracy of 
the assembled sequences can be guaranteed. 

With the use of methylated adaptors, MASTER 
Ligation can easily remove the scars of restriction sites, 
which, however, hindered many other assembly methods, 
such as USER (6), In-Fusion (51) and SLIC (5), from 
assembling DNA in a hierarchical manner. Although 
Gibson assembly can resect the restriction scars and 
assemble DNA in a hierarchical way, the scars comprom- 
ise the efficiency. In principle, other type IIS REs can 
also be used to tailor the restriction scars. Actually, 
Golden Gate can assemble DNA in a hierarchical way, 
whereas MspJI provides an extra crucial advantage 
because of its sequence-independent property. 



Recently, two synthetic type IIS REs, CdnDI and 
CdnDII, were created by fusing a non-cleaving mutant 
of the homing endonuclease I-Scel with the catalytic 
domain of type IIS Fokl (52). With a long recognition 
sequence, these enzymes can provide enough specificity 
for large DNA assembly. However, the base shift 
between recognition site and restriction site of these 
enzymes is only two base pairs in length, which is much 
less than that of MspJI described in this study. Therefore, 
these two enzymes are unable to remove restriction scars, 
which are usually 5 bp in length and at least 3 bp for those 
frequently used 6-bp blunt-cutting type IIP enzymes. 

The 'rational ligation' feature enables MASTER Ligation 
to assemble complicated DNA sequences and/or multiple 
fragments 

The homologous recombination-based systems, including 
LIC-PCR (53), SLIC (5), Gibson assembly (8) and several 
commercially available recombination systems and so 
forth, are widely used because of their convenience and 
high efficiency. As the systems are based on homologous 
ends [e.g. >25 bp for Gibson assembly and >15 bp for 
In-Fusion™ PCR Cloning (Clontech)], these methods 
may have difficulties in assembling DNA with highly 
repeated sequences. Besides, the termini of the DNA se- 
quences to be assembled should avoid to have highly 
stable secondary structures (e.g. hairpins and stem- 
loops), which unfortunately frequently exist in promoter 
and terminator regions (16). 

MspJI harbours the properties of both type IIM and 
type IIS REs, producing four-base 5'-overhangs of any 
sequences. By choosing non-palindromic overhangs, 
multiple fragments can be assembled in desired order 
and orientation, i.e. 'rational ligation'. Like other type 
US-based methods, such as Golden Gate (38,54), MoClo 
(48) and GoldenBraid (47), MASTER Ligation has the 
advantages in assembling complicated DNAs because of 
the short sticky ends produced. 

FUTURE PERSPECTIVES 

Considering the sequence independent and hierarchical 
ligation characteristics, MASTER Ligation is more 
suitable for assembly of long complicated DNA con- 
structs. A foreseeable application of MspJI is to 
assemble large clusters from different vectors. Usually, 
large polyketide synthases (PKS) biosynthetic clusters 
[e.g. the rifamycin biosynthetic gene cluster of ~90 kb in 
Amycolatopsis mediterranei (55)] contain highly repeated 
regions in the PKS genes. Besides, because of their large 
sizes, it is difficult to directly clone such clusters into one 
vector. Usually, a fosmid library covering the whole- 
genomic sequences will be constructed, and the large 
cluster will be split into several overlapping fragments 
and scattered in several fosmids. As the gap-repair tech- 
nology is widely used to precisely trim the borders of each 
fragment and add specific restriction sites to the ends (56), 
the combination of MASTER Ligation and the gap-repair 
technology may shed light on the seamless assembly of 
extremely large clusters with complicated structures. 
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During the construction of pHIW, we found that when 
multiple large DNA fragments were used for ligation, the 
efficiency and accuracy dropped remarkably (Table 1), 
which suggests that the present system, including the con- 
ditions for both the MspJI digestion and DNA ligation, 
still needs further optimization. Besides, MspJI requires a 
longer incubation time than usual REs, i.e. 3h at the 
presence of activators indicated in this study and in a 
previous report (30). Although MspJI is stable within at 
least 16 h and the extended digestion time is not vital to 
the success of the experiments, to speed-up the assembly, 
the enzymatic activities of MspJI as well as the digestion 
conditions may need further improvement. However, with 
more and more MspJI-family restriction enzymes dis- 
covered [e.g. Sgel (Thermo, USA) and FspEI (30)], 
which have the same restriction properties and the same 
potential usage as MspJI in seamless DNA assembly, new 
options can be tested to find an enzyme with higher diges- 
tion efficiency. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online: 
Supplementary Table 1, Supplementary Figures 1-2 and 
Supplementary References [57,58]. 
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